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PARTICULATE FILTER SERVICE LIFE
PREDICTION

FIELD OF THE INVENTION

The present invention relates to internal combustion
engines and, more particularly, to the prediction of service life
ol a particulate filter used with engines of this type.

BACKGROUND OF THE INVENTION

For the last several decades, there have been increasingly
stringent emission standards applied to internal combustion
engines ol all types. Concurrent with the move towards
stricter limits on emissions was the adoption of particulate
filters. Such adoption was first made 1n the field of compres-
s10n 1gnition, or diesel, engines operating under such load and
rpm conditions that soot 1s generated in the exhaust and 1s
required to be filtered. With advances in the fuel efficiency for
other types of engines, for example, spark 1gnition engines
with direct fuel mnjection, the need for a particulate filter may
also be 1indicated.

Whatever the type of engine, the particulate filter has
evolved to a very high efficiency, trapping above 90% of soot
with a wall tlow filter. When suificient soot has been depos-
ited on the walls, the pressure drop increases across the par-
ticulate filter and an even higher soot trapping efficiency 1s
achieved. It 1s common to measure pressure drop across a
particulate filter through the use of a delta pressure sensor,
used to predict soot loading. Typically, these predictions are
made with models such as those disclosed by Konstandopou-
los, et al. (SAE paper 2002-01-1015). The delta pressure
reading 1s converted to a normalized pressure differential
using equations set forth in the above referenced SAE paper
and these are used to determine when the particulate filter trap
needs to be regenerated 1n order to remove the soot1n the trap.

The particulate filter, having a high efficiency, also traps
ash, which comes from high ash lubricating oil, excessive oil
consumption, and the use of high ash fuels, such as biodiesel.
As ash gradually accumulates in the particulate filter, the delta
pressure signal at a given soot load will be higher. This con-
sequence 1s a result of ash occupying space in the 1nlet chan-
nels of the particulate filter, leaving less surface or volume for
soot distribution providing an obstruction to gas flow that
increases the pressure drop across the particulate filter.

Overall, ash accumulation 1s generally a slow process.
Total exhaust system back pressure due to ash starts to
become noticeable in the regeneration intervals generally
above 2,500 hours of engine operation for engines having a
power output of greater than 130 kilowatts (174 HP). For
engines having lower than 130 kilowatts output, the ash effect
can occur above 1,500 hours. In addition to the indication of
more frequent regeneration of the particulate filter, the accu-
mulation of ash affects the engine performance overall due to
increasing back pressure. Without any compensation for ash
loading, the time interval between regeneration starts to
decrease, since the system typically determines whether
regeneration should occur based on delta pressure. In addition

to the ash loading having an effect on regeneration intervals,
it also can atiect the service life of the particulate filter, that is
the point at which the filter needs to have accumulated ash
removed therefrom.

What is needed 1n the art, therefore, 1s a method for reliably
predicting the service life of a particulate filter 1n an 1nternal
combustion engine system.

SUMMARY

The present mvention provides a method for determining,
the service life of a particulate filter receiving products of
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2

combustion from and filtering particles from an air breathing,
fuel consuming combustion engine including the steps of
determining the normalized current pressure difierential
across the particulate filter, determining the normalized pres-
sure differential across the particulate filter for clean condi-
tions, and subtracting the clean pressure differential across
the particulate filter from the current pressure differential
across the particulate filter and dividing by the time between
regeneration to determine a current factor. A maximum factor
1s predetermined and compared to the current factor to deter-
mine service life of the particulate filter.

BRIEF DESCRIPTION OF THE DRAWINGS

The above-mentioned and other features and advantages of
this invention, and the manner of attaining them, will become
more apparent and the invention will be better understood by
reference to the following description of an embodiment of
the invention taken 1n conjunction with the accompanying
drawings, wherein:

FIG. 1 1s a schematic drawing of an internal combustion
engine system embodying a method according to the present
imnvention;

FIG. 2 1s a block diagram showing the steps 1n a method
according to one aspect of the present imnvention; and

FIG. 3 1s a block diagram of the steps employed 1n another
aspect of the present invention.

Corresponding reference characters indicate correspond-
ing parts throughout the several views. The exemplifications
set out herein illustrate one embodiment of the invention and
such exemplification 1s not to be construed as limiting the
scope of the invention 1n any manner.

DETAILED DESCRIPTION

Referring now to the drawings, and more particularly to
FIG. 1, there 1s shown an internal combustion engine power
system 1ncluding a multi-cylinder engine 12, having a plural-
ity of cylinders 1n which pistons (not shown) are mounted for
reciprocating movement and which connect by means of con-
necting rods to a crank shait leading to an output shait 14
producing useiul work. The engine cylinders 16 receive air
for combustion from an intake manifold 18 for compression
and 1gnition with a source of fuel to be described later.

The combustion events cause power to be applied to the
output shaft 14 and the products of combustion are discharged
through an exhaust manmifold 26 and exhaust line 28, typically
through a turbine 30 of a turbocharger 32. From the turbine
30, the exhaust gasses pass to a particulate filter 36 and, from
there, through appropriate exhaust line 38 to the ambient.
Turbine 30 1s connected to a shaft 44, which drives a com-
pressor 42 that pressurizes air recerved from ambient air
intake line 40 for discharge through line 46 and through an
alter cooler 48. After cooler 48 may take a number of forms,
including air-to-air or liquid-to-air but the object of both 1s to
cool the pressurized air to increase its density and, therefore,
increase available power in the cylinders 16 of engine 12. The
air output from atter cooler 48 connects with a line 24 extend-
ing to mtake mamiold 18 for combustion air.

Engine 12 has a fuel system diagrammatically illustrated at
58 which supplies fuel in measured quantities and controlled
times to the cylinders 16 of engine 12 for combustion. For a
diesel form of engine 12, fuel system has a series of injectors
that 1nject measured quantities of fuel into cylinders 16 at
precise timing to cause combustion due to the heat of com-
pression of the mlet air. Fuel system 58 receives sensor mnputs
from a number of engine operating parameters and 1s con-
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trolled via line or lines 60 from an electronic control unit 62
to control the fuel quantity and timing as appropriate for the
duty cycle of engine 12.

In order to meet emission requirements, a line 50 1s fluidly
connected to the exhaust manifold 26, or other portion of the
exhaust system, and leads preferably to an EGR cooler 52
and, from there, to an EGR valve 54, which controls discharge
of a portion of the exhaust gasses via line 56 to intake line 24.
In typical fashion, the EGR valve 54 1s controlled by line 64
extending to ECU 62. The use of EGR enables the engine 12
to meet NOx emissions limits but 1t typically generates other
emissions and, among those, are particulates, which are {il-
tered by the particulate filter 36. Particulate filter 36 accumu-
lates particulates and it thus becomes necessary to periodi-
cally regenerate the filter by manipulating engine variables to
increase the temperature in line 34 leading to particulate filter
36 or to add additional heat in the form of heaters or hydro-
carbon fuels to raise the temperature of the particulate filter
suificiently such that particles are burned off. Such triggering
1s provided by a delta pressure sensor 80, having a line 82
connected to line 34 upstream of the particulate filter and a
line 84 connected to line 38 downstream of the particulate
filter. The signal thus generated 1s fed via line 86 to ECU 62
in order to signal engine operating conditions are to be
changed to begin a regeneration process.

As engine 12 operates over its service life, it reaches a point
where ash accumulates within the filter and begins to affect
the delta pressure reading to indicate a higher than expected
pressure differential which, 1n turn, causes regeneration to
occur more frequently and which ultimately could lead 1n
harm to the particulate filter 36. In accordance with the
present invention, the method described in FIG. 2 1s employed
to provide a realistic predictor of particulate filter service life.

Referring to FI1G. 2, a block diagram shows one aspect of
the method embodying the present invention. In the method
of FIG. 2, step 100 constitutes integrating the time interval T
between previous regenerations and step 102 indicates
whether a regeneration needs to take place. If the time interval
T 1s an appropriate iterval before the regeneration starts 1n
step 104, the current normalized delta pressure v across par-
ticulate filter 36 would be set to the current value of normal-
1zed delta pressure. The delta pressure reading in step 106 1s
converted to normalized delta pressure 1 step 108 using
equations from Konstandopoulos reterred to above to provide
a normalized particulate filter delta pressure v. The equations
of Konstandopoulos are hereby incorporated in herein their
entirety.

In step 112, the particulate filter regeneration occurs and, in
step 114, 11 regeneration 1s finished, step 116 provides a
current normalized clean particulate filter delta pressure
value and a factor W=(y-90)/t. In step 118, 1t 1s determined
whether the factor W ;- 1s preset/equal to a nominal value. I
it 1s not, then, in step 120, the average factor W ;.- 1s set to be
equal to W and step 122 proceeds to calculate the average
between W and W ;... If the factor W ;.- 1s preset/equal to the
nominal value, then, 1n step 122, the average factor W - 1s
equal to (W ;... W)/2 to average the two. In step 124, 1t 1s
determined whether W .- 1s equal to the W limit, which 1s
provided empirically in step 126. If W 1s less than W limut,
then the time 1interval T 1n step 128 1s reset to zero. It the factor
W exceeds W limit from step 126, then, 1 step 130, the
particulate filter 36 1s replaced or serviced and the factor
Y .- 1s reset to the nominal value.

In the method shown in FIG. 3, the step 200 of determiming,
a time 1nterval T leads to a decision 1n step 210 as to whether
a regeneration needs to take place. If the answer 1s yes, 1n step
212, the current normalized delta pressure v provided by a
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particulate filter 36 delta pressure reading 1n step 214 1s con-
verted to normalized delta pressure in 216 using the equations
of Konstandopoulos to provide, 1n step 218, a current value of
normalized delta pressure. At that point in step 220, regen-
cration of the particulate filter 36 may take place and, 1n step
222, 11 1t 1s finished, 1n step 224, the normalized clean delta
pressure o 1n step 224 1s set to the current normalized delta
pressure across particulate filter 36. In step 226, a factor W 1s
calculated using the maximum current normalized delta pres-
sure vy minus the clean delta pressure 6 over the time between
regeneration intervals T and the average factor W ;.- 1s calcu-
lated using the equation one minus the weighing factor A
times W ;.- plus W times a weighing factor A. In step 225,
weighing factor A 1s preselected. It can vary from 0-1 but a
typical factor can be 0.1. In step 226, the exponentially
weighted moving average 1s used to determine the factor W
using W ..~ from step 227.

In step 228, the factor 1s compared to the limit set 1n 230. It
the factor W 1s less than W limuit, then the time interval 1n step
232 1s set to zero. If the factor W ;.- 15 greater than or equal to
the W limit 1n step 228, the particulate filter 1s replaced or
serviced and the factor W ;- 1s reset to a nominal value. The
time 1nterval T 1s also reset to zero.

The advantage of the above methods 1s to take into account
the accumulation of ash 1n the particulate filter 36 so as to
make replacement or servicing of the particulate filter 36 at a
time that prevents harm to the particulate filter 36 due to
overly frequent regeneration.

While this invention has been described with respect to at
least one embodiment, the present invention can be further
modified within the spirit and scope of this disclosure. This
application 1s therefore intended to cover any variations, uses,
or adaptations of the invention using 1ts general principles.
Further, this application 1s intended to cover such departures
from the present disclosure as come within known or custom-
ary practice in the art to which this invention pertains and
which fall within the limits of the appended claims.

The mvention claimed 1s:

1. A computer-implemented method comprising:

determinming, by one or more computing devices, a normal-
1zed current pressure differential across a particulate
filter at a current time;

regenerating the particulate filter to a clean condition after
a determined time interval has elapsed, the determined
time mterval being measured from an installation of the
particulate filter, or a prior regeneration of the particulate
filter, to approximately the current time;

determining, by the one or more computing devices, a
normalized clean pressure differential across said par-
ticulate filter for the clean condition:

determining, by the one or more computing devices, a
pressure differential difference by, at least 1n part, sub-
tracting the normalized clean pressure differential from
the normalized current pressure differential;

determiming, by the one or more computing devices, a
current pressure drop factor by, at least 1n part, dividing,
the determined pressure differential difference by the
determined time interval;

determining, by the one or more computing devices, an
average pressure drop factor based upon, at least 1n part,
the current pressure drop factor;

identitying, by the one or more computing devices, a maxi-
mum pressure drop factor;

comparing, by the one or more computing devices, the
average pressure drop factor to the maximum pressure
drop factor; and
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identifying, by the one or more computing devices, a need
to replace or service the particulate filter based upon, at
least 1n part, comparing the average pressure drop factor
to the maximum pressure drop factor.

2. The method of claim 1, wherein the filter 1s configured to
receive products ol combustion from an air breathing, fuel
consuming internal combustion engine, and to filter soot par-
ticles from the recerved products of combustion.

3. The method of claim 2, wherein the determined time
interval 1s a predetermined time interval based upon, at least
in part, one or more ol a characteristic of the engine and a
characteristic of the filter.

4. The method of claim 3, wherein the determined time
interval 1s greater than 150 hours.

5. The method of claim 4, wherein the engine has a power
output of lower than 130 kilowatts and the determined time
interval 1s at least 1500 hours.

6. The method of claim 4, wherein the engine has a power
output of greater than 130 kilowatts and the determined time
interval represents at least 2500 hours of engine operation.

7. The method of claim 1 wherein the average pressure
drop factor 1s determined based upon, at least 1n part, deter-
mimng an exponentially weighted moving average.
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